Abstract: This study investigates modelling of doubly-fed induction generator (DFIG)-based wind turbines for low-frequency oscillation analysis of power systems with high penetration of distributed energy. A reduced order model of wind turbine with DFIG is proposed for small signal stability analysis in electromechanical time scale for low-frequency oscillation analysis. Furthermore, a Thévenin equivalent model of DFIG with internal voltage is also presented. Base on the derived model, the effect of phase-locked loop is emphasised, and explained by using the internal voltage derived. The model proposed is well verified by modal analysis and time-domain simulations.
Introduction
Low-frequency oscillation is a critical problem in power systems stability analysis field. The phenomenon of low-frequency oscillation is referred to the active power oscillation with frequency covered from 0.1 to 2 Hz. In the past few decades, the research on low-frequency oscillation is mainly focused on interactions among synchronous generators leading to low damping and further oscillation of rotors. Recently, with increasing application of wind power, the effects of interactions between wind turbines generators and synchronous generators on power systems stability become a challenging issue. As the wind power penetration level increases high, the dynamic performance of the synchronous generators can be affected and low-frequency oscillation will be participated by both wind turbines generators and synchronous generators.
In order to investigate the impact of wind power on power systems low-frequency oscillation, an appropriate model of wind turbine for small signal stability analysis should be built. Considerable studies have been made on modelling of wind turbines for power system stability analysis. In paper [1] , a detailed full-order DFIG model with turbine aerodynamics and complete closed-loop controls is first presented, and then the fast currentcontrol loops of converters are omitted for small signal stability analysis. A detailed wind generator model is apparently adequate to perform small signal stability analysis, but for large scale power system simulations, model reduction should be considered for time-saving and matrix-order reduction purposes. Moreover, some fast electrical dynamics are not necessary and out of interest when the low-frequency electromechanical oscillations (0.1-2.5 Hz, this range is defined as the electromechanical time scale in this paper) are focused on. The model in [2] with stator transients omitted proves appropriate to the above concerns. The General Electric/ Western Electricity Coordinating Council wind turbine 3 (GE/ WECC WT3) reduced order model is adopted in [3] for oscillation damping studies, and [4] even points out that a simple negative load model resembles well a DFIG dynamic model for small signal stability analysis. However, aforementioned wind turbine model always give little consideration on phase locked loops (PLLs) dynamics. Since the PLL dynamics is related closely with inertia provision of wind turbine, as indicated in [5] , PLL dynamics should be emphasised as establishing wind turbine model for power system stability analysis. Furthermore, early papers have not described internal voltage dynamics of wind turbine which represents essential characteristics of wind turbine interfaced with grid.
This paper studies modelling of DFIG-based wind turbines for low-frequency oscillation analysis of power systems with high renewable penetration. The model of DFIG-based wind turbine presented has the following characteristics:
• Represent essential dynamics characteristics of wind turbine under the condition of power system low-frequency oscillation.
The model can reflect all control loops dynamics in electromechanical timescale, instead of a constant power source.
• Reasonably simplify some non-critical control loop dynamics.
For instance, the relatively fast stator/rotor flux dynamics, ac current control dynamics and dc-link voltage control dynamics are neglected.
• Adequately represent internal voltage dynamics characteristics of wind turbine. Since traditional multi-machine stability analysis is intrinsically based on foundation of analysing internal voltage interactions among synchronous generators, representing internal voltage dynamics of wind turbine contributes to investigating interactions between wind turbines and synchronous generators under the condition of lowfrequency oscillation.
Model of DFIG-based wind turbines

Modelling of mechanical controls
As depicted in Fig. 1 , the power captured from the wind is transmitted to the drive train, which is modelled as a two-mass system due to the flexibility of the shaft. The speed regulator and pitch mechanisms shown in Fig. 2 enable the maximum power point tracking and safe operations within the mechanical power rating. The output of the speed regulator is the electromagnetic torque command sent to the rotor side converter (RSC) controllers.
Modelling of electromagnetic controls
The stator-voltage-oriented vector control strategy is adopted, and PLL is employed to provide a rotating d-q reference frame (we define this reference frame as the PLL reference frame in this paper) for converter controls [6] , with the lagging d-axis aligned with the stator voltage. The RSC controls the generator speed and the reactive power measured at the grid terminals, and the grid side converter (GSC) is used to regulate the voltage of the DC bus capacitor and to keep GSC reactive current to zero [7] . Based on the above simplifications, the RSC and GSC are modelled as current sources with inner current-control loops and DC-link dynamics neglected. The simplified converter control systems are illustrated in Fig. 3 . The torque command generated by the speed regulator is divided by the scaled value of stator flux to obtain the reference current i rd_ref that must be injected in the rotor windings by RSC. The reactive power command from the wind farm management system is sent to the var_voltage regulator to obtain the reference current i rq_ref that must be injected in the rotor windings by RSC. The GSC sends no reactive power to grid so that the reference current i gq_ref is kept zero. With the DC-link dynamics omitted, the power sent to grid by GSC is considered to be always equal to that from rotor windings. Note that as the inner current control loops dynamics are neglected, the reference currents from outer loops and the actual currents measured in PLL reference frame are assumed to be the same, i.e.
Modelling of generator and internal voltage
d-axe and q-axe representation of DFIG in PLL reference frame is employed, and the differential algebraic equations are in accordance with motor convention, with positive currents inducting positive fluxes [8, 9] . By setting the flux derivative terms to zero, an algebraic DFIG model is obtained as follows: 
The magnitude of the internal voltage vector is
The angle between the d-axis of PLL reference frame and the terminal voltage vector is θ error , which keeps zero in steady state but not during system dynamics. The power angle of the internal voltage is thus defined as
The active power output of DFIG consists of two parts: the power P s from stator and the power P r from rotor. However for DFIG normal operations (−0.3 ≤ s ≤ 0.2), the rotor power takes only a fraction of the total power generated and can be ignored for stability studies, i.e.
When there is no PLL modelling, i.e. the voltage detection is assumed to be infinitely fast, the d-axis of the reference frame is always aligned with the stator voltage and θ error is kept zero, thus the power angle equals θ control and the power output of DFIG keeps constant. However for the DFIG model with PLL modelling, it takes time for the d-axis to be aligned with the stator voltage, and the power angle becomes θ control + θ error , resulting in the output power oscillations. Equation (11) shows that for small signal stability analysis (SSSA) in electromechanical time scale, the DFIG active/reactive power output is mainly determined by the internal voltage vector behind the stator reactance, not the other current source in rotor circuit. Thus for the issues concerned, a DFIG-type WT can be represented by an internal voltage vector in the power system.
Model validation
Comparisons between the proposed model and detailed model are conducted by modal analysis. It is revealed that the eigenvalues of the two models are close to each other, and that neglecting the electrical transients and the relatively fast control loops does not significantly impact the most concerned mechanical modes and controller modes which determine DFIG dynamics in electromechanical time scale.
Comparisons between the proposed model and nonlinear timedomain simulations are made to validate the correctness and 
Stability analysis of DFIG-based wind turbine connected to AC grid
To analyse stability of DFIG-based wind turbine connected to ac grid, eigenvalue loci in different grid strength conditions when the PLL control parameters vary are plotted in Fig. 5 . It can be found that in a strong power system, the concerned eigenvalues do not change much as the PLL parameters change, thus the modelling of PLL is not necessary for strong grid strength conditions, as most previous researches do. Nevertheless in a weak power system, modelling of PLL becomes essential as the eigenvalues in Fig. 5 change significantly when the PLL parameters change.
To verify the stability analysis results, a wind turbine infinitebus system is built in the time simulation software Simulink/ MATLAB, as shown in Fig. 6 . The impact of PLL on power system small signal stability is illustrated as shown Fig. 7 . To begin with, a single-DFIG-infinite-bus system is employed to illustrate the effect of PLL when there is a low-frequency angular oscillation in the infinite bus. It shows that with no PLL modelling, the DFIG behaves like a constant power source and hardly respond to system oscillations. However, when the PLL modelling is considered, it is found that the PLL parameters have a significant impact on the DFIG performance. By varying the PLL parameters, the DFIG behaves more like a synchronous generator rather than a constant power source, and engages in power system oscillations. Therefore, it is shown that in a weak power system, the PLL parameters have a significant impact on DFIG performance in electromechanical time scale.
Conclusion
In this paper, a reduced order model of DFIG-based wind turbine is proposed for low-frequency oscillation analysis of power systems with high penetration of distributed energy in electromechanical time scale. The necessity of PLL dynamics is emphasised and a Thévenin equivalent model of DFIG with internal voltage is proposed for stability analysis. The model is verified by comparing with detailed time-domain simulation. Furthermore, studies show that the proposed model is adequate for small signal analysis in electromechanical time scale, and the effect of PLL is illustrated by the internal voltage derived. What is more, derivation shows that for the issues concerned, the PLL parameters have a significant impact on DFIG performance in electromechanical time scale as connected to weak grid.
